Adaptation of a complex trait often requires the accumulation of many modifications to finely tune its underpinning molecular components to novel environmental requirements. The investigation of cis-acting regulatory modifications can be used to pinpoint molecular systems partaking in such complex adaptations. Here, we identify cis-acting modifications with the help of an interspecific crossing scheme designed to distinguish modifications derived in each of the two sister species, Arabidopsis halleri and A. lyrata. Allele-specific expression levels were assessed in three environmental conditions chosen to reflect interspecific ecological differences: cold exposure, dehydration, and standard conditions. The functions described by Gene Ontology categories enriched in cis-acting mutations are markedly different in A. halleri and A. lyrata, suggesting that polygenic adaptation reshaped distinct polygenic molecular functions in the two species. In the A. halleri lineage, an excess of cis-acting changes affecting metal transport and homeostasis was observed, confirming that the wellknown heavy metal tolerance of this species is the result of polygenic selection. In A. lyrata, we find a marked excess of cisacting changes among genes showing a transcriptional response to cold stress in the outgroup species A. thaliana. The adaptive relevance of these changes will have to be validated. We finally observed that polygenic molecular functions enriched in derived cis-acting changes are more constrained at the amino acid level. Using the distribution of cis-acting variation to tackle the polygenic basis of adaptation thus reveals the contribution of mutations of small effect to Darwinian adaptation.
Introduction
Understanding the molecular mechanisms that allow phenotypic diversification in response to natural selection is one of the major challenges of modern biology (Dean and Thornton 2007; Barrett and Hoekstra 2011) . While a majority of the changes at the DNA level are thought to result from neutral processes (Kimura 1968; Lynch 2007) , natural selection is considered a major force behind the emergence of phenotypes tightly tuned to the challenges imposed by the environments.
The theory of adaptation predicts that initial adaptive steps toward a new fitness optimum will often be achieved through the quick fixation of a (few) mutation(s) of large effect (Orr 2002) . Supporting this hypothesis, the few adaptive mutations that have been tracked at the molecular level commonly show a large effect on the phenotype (Colosimo et al. 2005; Clark et al. 2006; Steiner et al. 2007; Linnen et al. 2009; Reed et al. 2011; Prasad et al. 2012) .
Mutations of small effect are more difficult to track at the molecular level in the lab, but they are also necessary to reach the fitness optimum. Simulations and experimental work have shown that when adaptation occurs in a slowly changing environment, the adaptive path may even exclude large effect mutations and only rely on mutations of small effect (Collins et al. 2007; Collins and de Meaux 2009; Kopp and Hermisson 2009; Yeaman 2015) . Natural variation in fitness is often detected in natural populations (Kingsolver et al. 2001) and positive selection on standing variation is weak but pervasive (Morrissey and Hadfield 2012) . As a result, many natural systems seem to display no limit to the response to selection (Barton and Keightley 2002) . These observations are in line with Fisher's infinitesimal model, a model validated for example by the successful prediction of maize hybrid performance based on the allelic composition of the parents (Bulmer 1985; Hill 2009; Riedelsheimer et al. 2012; Falke et al. 2013) .
The role played by small effect mutations for adaptation results from their "number" because their cumulative effect can be large. Clearly, dissecting the molecular and phenotypic consequences of a small-effect mutation is difficult. Therefore, it has been proposed to analyze their cumulative effect across sets of genes participating in a given molecular system, pathway, or functional module, to unravel the fast evolving functional modules that underpin polygenic adaptation (Bullard et al. 2010; Daub et al. 2013; Fraser 2013) . Considering all mutations irrespective of their effect size has indeed the potential to significantly improve our power to detect traits subjected to natural selection (Berg and Coop 2014) .
Cis-regulatory mutations are particularly useful to study the targets of polygenic selection, and this is for five reasons. First, mutations causing cis-regulatory change are in linkage with the expressed transcript, so that their location in the genome is approximately that of the transcript. Second, cisregulatory changes can be readily identified by monitoring allele-specific expression (ASE) differences genome-wide, in F1 heterozygotes (de Meaux et al. 2006; He et al. 2012 ). Third, genome-wide analyses of cis-regulatory variation have demonstrated that there are a large number of such mutations (Wittkopp et al. 2008; Zhang and Borevitz 2009; He et al. 2012) . It is thus possible to study the genomic distribution of mutations causing cis-regulatory changes. Fourth, cis-regulatory mutations have a phenotypic effect (they alter gene expression level) and because they are found in a large number, it is reasonable to assume that taken together, they constitute a bona fide collection of small effect mutations. Fifth, cis-regulatory regions are believed to play a significant role in adaptive evolution (King and Wilson 1975; Wray et al. 2003; Prud'homme et al. 2006; Wray 2007; Stern and Orgogozo 2008; because they limit deleterious pleiotropy by allowing modular changes. The analysis of genome-wide distributions of cis-regulatory modifications has indeed proven a useful tool in various species to pinpoint the action of natural selection (Bullard et al. 2010; Fraser et al. 2012; Chang et al. 2013; Lemmon et al. 2014; Steige et al. 2015) .
Here, we apply this approach to the analysis of organismic responses to environmental stresses in the two sister species Arabidopsis halleri and A. lyrata. Stress responses define to a large extent the abundance and distribution of divergent species (Stebbins 1952) . For example, the species of A. halleri differs from its sister species A. lyrata in its ecological preferences. Arabidopsis halleri populations are found in highly competitive meadows of Central Europe and accumulate high levels of heavy metal in the leaf, thereby tolerating high soil metal concentrations (Clauss and Koch 2006; Clauss and Mitchell-Olds 2006; Courbot et al. 2007 ). Its sister species, A. lyrata, is found in poor and stressful soils (sand, dolomitic outcroppings), but also colonized Northern areas of the globe (Clauss and Koch 2006; Clauss and Mitchell-Olds 2006) . The congeneric species A. thaliana has again a distinct ecology. It is a pioneer species thriving in disturbed habitats over a broad geographic distribution (Hoffmann 2005; Clauss and Koch 2006) . Variation in the response to organismic stresses revealed the adaptive potential of gene expression variants segregating within species (de Meaux et al. 2005 , DesMarais et al. 2012 , Cubillos et al. 2014 .
We generated F1 hybrids of each of the sister species A. halleri and A. lyrata with their outgroup relative A. thaliana and monitored allele-specific levels of expression in standard growth conditions, in response to dehydration or cold exposure. This data allowed us to map the genome-wide distribution of cis-regulatory mutations active in three distinct environments reflecting divergent adaptations of the two species. Because the sister species were both crossed to an outgroup species, it was possible to assign a phylogenetic origin to cis-acting changes. Cis-acting changes observed in only one of the two hybrids were likely to be caused by derived mutations, whereas those observed in both hybrids either predated the split between the two species or arose along the A. thaliana lineage. By contrasting the distribution of cis-regulatory mutations derived in A. halleri to those derived on the A. lyrata lineage, we could establish relative rates of cis-acting evolution across polygenic molecular functions (MFs) and detect lineage-specific polygenic adaptation to environmental challenges.
Results and Discussion

Arabidopsis Interspecific Hybrids Respond Similarly to Stress
We produced hybrids of A. thaliana with each of the two sister species A. lyrata and A. halleri, named AthxAly and AthxAha hybrids, respectively, using one parental genotype in each species (see Materials and Methods). The leaf transcriptome of the two hybrid types was characterized by RNAseq in three conditions (standard, cold, dehydration) with three biological replicates. The number of reads ranged from 29 to 364 million per sample (supplementary table S1, Supplementary Material online). Reads were mapped to a hybrid genome, concatenating the A. thaliana and A. lyrata reference genomes, with the help of a specifically tailored pipeline accounting for allelic differences within and between hybrids in their divergence to the reference genome (see Materials and Methods). We compared expression levels between samples (measured as FPKM, Fragments Per Kilobase of transcript per Million mapped reads) by computing a Heatmap of Spearman correlations. Gene expression correlations built three main clusters reflecting the three environmental conditions, each of which then subdivided into genotypes (supplementary fig. S1A , Supplementary Material online). This demonstrated, that despite their genetic differences, the hybrids displayed comparable reactions to the stresses. Between 1,465 and 3,225 genes changed significantly their expression level in response to cold exposure or dehydration, compared with standard growth conditions (DESeq2 analysis, see Materials and Methods and supplementary fig. S2, Supplementary Material online) . This number was lower in samples collected from dehydrating samples compared with cold samples in AthxAha hybrids, presumably because the variance between biological replicates was greater.
In interspecific hybrids, genes may show aberrant expression patterns (Barreto et al. 2014) . For most genes, this is not the case in these hybrids. Indeed, despite their sterility, the hybrids form healthy and long-lived plants in the greenhouse. In addition, genes changing their expression in response to stress overlapped significantly with genes observed to respond to the same stresses in A. thaliana (supplementary  table S2 , Supplementary Material online; Matsui et al. 2008 ).
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The interspecific hybrids therefore displayed a stress response comparable to the response observed in the outgroup species. The genome-wide distribution of allelic expression in these hybrids can thus bring biologically meaningful insights into differences between species.
To quantify allele-specific levels of expression, we designed a bioinformatics pipeline that efficiently controlled for variation in sequencing depth as well as allelic mapping biases caused by different quality of parental reference genomes (see Materials and Methods and supplementary fig. S3 , Supplementary Material online). After scaling, distributions of either FPKM or allelic ratios were similar across samples (supplementary fig. S4 , Supplementary Material online). We applied a generalized linear model (GLM) model with a quasibinomial distribution of error to detect orthologous genes with significant ASE pattern, hereafter named ASE genes ). In this model, allelic ratios observed in RNAseq were contrasted to allelic ratios observed in hybrid DNA sequencing, to account for possible locus-specific allelic biases that were not corrected in our algorithm. Significant ASE was independent from allelic ratios in DNA as well as from gene expression level for a large range of FPKM values (supplementary figs. S5 and S6, Supplementary Material online).
Among 16,419 orthologous genes, between 1,721 and 2,454 genes displayed significant ASE in at least one hybrid and one environment (supplementary fig. S7 and tables S3A and B, Supplementary Material online). As expected, allelespecific expression variance clustered by genetic background (supplementary fig. S1B , Supplementary Material online). Most significant ASE genes were observed in all three conditions. Only 130 and 122 genes showed a significant change in allelic ratio in cold-exposed versus standard plants at false discovery rate (FDR) 0.05 in AthxAha and AthxAly hybrids, respectively. Similar numbers of genes changed allelic ratios in dehydrating versus standard plants (205 and 197 at FDR 0.05 in AthxAha and AthxAly hybrids, respectively).
Three lines of evidence indicated that our identification of ASE is reliable. First, genes displaying ASE in standard conditions significantly overlapped with ASE reported for AthxAly hybrids grown in similar conditions but involving a different pair of parents (Hypergeometric test, P < 2e-5, He et al. 2012) . Second, allelic ratios in this study correlated significantly with allelic ratios measured by pyrosequencing at 12 loci in this previous data set (R 2 ¼ 0.64, P ¼ 0.003, He et al. 2012) . We further quantified allele-specific expression by pyrosequencing at three additional loci in each hybrid and treatments using the same RNA samples used for RNAseq. In this case, ASE correlated strongly with ASE measured by RNAseq (R 2 ¼ 0.90, P <2e-16). Third, we quantified ASE in standard conditions in the AthxAly hybrids in an independent trial, with three replicates. We observed a strong correlation in allelic expression ratios across experiments (Pearson correlation, r ¼ 0.92, P < 2.2e-16) and 1,458 significant ASE genes (75.3%) were recovered in both experiments.
Phylogenetic Assignment of Derived Cis-Acting Changes Increasing Allelic Expression Since A. thaliana is an outgroup species to A. halleri and A. lyrata, cis-regulatory changes that were specific to one of the two hybrid types could be assigned as derived in the corresponding lineage ( fig. 1 , orange and blue dots). Instead, cisacting changes observed in both hybrids were assumed to have either occurred before the split between A. halleri and A. lyrata or evolved along the A. thaliana lineage. For simplicity, we will name these cis-acting changes "ancestral" here ( fig. 1 , green dots). Genes showing ASE in opposite directions in one and the other hybrids were rare, supporting the assumption that genes that have undergone more than one cis-acting change were infrequent ( fig. 1 , top left and bottom right corners of the graphs). Heterozygosity in the A. halleri parent probably reduced our power to detect significant ASE in the AthxAha hybrid, compared with the AthxAly hybrid. This may in turn have inflated the number of ASE genes derived in A. lyrata or decreased the number of genes showing derived ASE in the A. halleri lineage. To mitigate this problem, it was important to 1) give more weight to genes showing a FIG. 1. Log2 allelic ratios in AthxAha hybrids plotted against log2 allelic ratios in AthxAly hybrids in standard conditions (A), in cold-exposed plants (B) and in dehydrating plants (C). ASE genes with an ancestral mutations are on the diagonal (green), ASE genes with a derived changes in Arabidopsis lyrata are on the horizontal central lines (orange) and ASE genes with a derived change in A. halleri are on the vertical line (blue). Compensatory changes are rare, which supports the phylogenetic interpretation of ASE genes as ancestral or derived modifications. He et al. . doi:10.1093/molbev/msw096 MBE stronger allelic expression difference, 2) avoid an arbitrary definition of derived and ancestral ASE changes but 3) capture well the phylogenetic origin that can be derived by overlapping significant ASE genes in each hybrid. We thus designed phylogenetic indices to construct three gene rankings reflecting the likelihood that allele-specific expression is being derived in A. lyrata (or A. halleri) or the likelihood of being ancestral. For example, genes with ASE derived in one or the other lineage should have the largest difference in allelic ratio between hybrids, that is, a high log ratio in one of the hybrid and a log ratio close to 0 in the other one. We thus ranked derived genes by decreasing allelic ratio difference between hybrids (see Materials and Methods). We removed from the ranking all genes that did not have significant ASE in one or the other hybrid, to reduce the impact of outlier mean ratios, as well as genes that were not expressed in both hybrids (scaled coverage below 10). Examples of this ranking are shown in supplementary fig. S8 , Supplementary Material online. We designed a similar index ranking first the genes showing ancestral cis-acting changes shared between both hybrids (see Materials and Methods for details).
Reasoning that positive selection should favor an accumulation of derived cis-acting changes in the molecular systems underpinning adaptive phenotypes, we searched for the polygenic MFs that accumulated an excess of cis-acting mutations specifically in the A. lyrata or A. halleri lineages. We applied Gene Set Enrichment Analysis (GSEA), a test based on a Kolmogorov-Smirnov-statistics first introduced by Subramanian et al. (2005) , which is designed to identify functional enrichments in a ranked set of genes, and tested functional enrichments among the top ASE genes in each phylogenetic ranking and each environment (supplementary fig. S8 , Supplementary Material online, for details see Materials and Methods). To describe polygenic MFs, we used 1) gene ontology (GO) annotations for "biological processes" (BP) and "MF" 2) published sets of stress-responsive genes in the outgroup species A. thaliana, and 3) a combination of (1) and (2). GO enrichments were also performed on randomized rankings to define a P value threshold below which less than 10% of the enriched GO categories are false positives (see Materials and Methods).
We first focused on GO enrichment detectable among all ASE changes, irrespective of the direction of the change. Some polygenic MFs, may certainly adapt via a combination of upand downregulating cis-acting changes (Picotti et al. 2013 ). In total, 22 and 15 GO categories were significantly enriched among genes with a changed cis-activity derived in A. halleri and A. lyrata, respectively, at a P value threshold set so that the FDR approximates 0.1 (table 1, see Materials and Methods). Among ASE genes displaying lower cis-activity of the A. thaliana allele in both hybrids, that is, ancestral cisacting mutations, ten GO categories were significantly enriched at FDR 0.1 (supplementary tables S4 and S5, Supplementary Material online). These findings demonstrate that ASE changes accumulate in distinct functions in each lineage.
The relationship between expression level and fitness is complex (Rest et al. 2013 ). Therefore, we also analyzed separately genes showing a derived cis-acting change leading to higher allelic activity in the derived lineage (by removing derived ASE genes with a significantly negative allelic ratio, FDR 0.05, from the ranking) or those leading to lower allelic activity (by removing derived ASE genes with a significantly positive allelic ratio, FDR 0.05, from the ranking). This was possible because our crossing design allows identifying the direction of derived cis-regulatory changes. Coordinated cis-acting changes increasing allelic activity may be required for the higher activity of selected molecular systems. Alternatively, cis-acting changes decreasing gene expression level may be selected to decrease molecular costs when evolutionary constraints are released. Arabidopsis thaliana pseudogenes, for example, tend to be less expressed than active A. lyrata orthologues ). This analysis of directional cis-regulatory divergence yielded another partially overlapping set of significantly enriched GO categories (supplemen tary tables S4 and S5, Supplementary Material online). Finally, we also asked whether specific MFs were enriched among the genes showing a significant change in allelic ratio in stress versus standard conditions, which yielded another set of 13 GO categories mostly enriched in the A. halleri lineage ( fig. 2 and table 2).
To unify all observed enrichments, we constructed a hierarchical clustering dendrogram based on measures of similarity between BP GO categories represented by at least five genes expressed in both hybrids in at least one treatment ( fig. 2 , see Materials and Methods for details). This graph described the functional "landscape" of expressed genes in our samples and showed that significant GO categories target distinct functional pathways in the A. lyrata and A. halleri lineages. If mutation rate alone explained accumulation of cisregulatory mutations in specific molecular systems, enrichments would be expected to highlight related GO categories in all lineages. The GO categories enriched among derived ASE genes were generally not enriched among ancestral ASE genes, confirming that the accumulation of cis-acting changes occurred in the derived lineage. This pattern suggests the action of divergent natural selection by which distinct polygenic functions were progressively modified in the two lineages.
Signature of Polygenic Selection in Genes Controlling Heavy Metal Homeostasis in the A. halleri Lineage
Arabidopsis halleri stands out in the Arabidopsis genus as the only species that tolerates and accumulates heavy metals, especially Zn and Cd (Kr€ amer 2010) . This tolerance allows it to grow in heavily polluted areas (Pauwels et al. 2005) . In agreement with this ecological preference, we discovered consistent evidence that cis-acting mutations accumulated in the A. halleri lineage to increase the expression of genes functioning in metal transport and homeostasis ( fig. 2 and supplemen tary table S5, Supplementary Material online). The MF "zinc ion transmembrane transporter activity" was significantly enriched among A. halleri-derived ASE genes (P ¼ 0.0052) under standard conditions, as well as among A. halleri-derived ASE genes with increased allelic expression (P ¼ 0.0025). Under dehydration conditions, the BP "zinc ion homeostasis" and Footprint of Polygenic Adaptation . doi:10.1093/molbev/msw096 MBE "cellular transition metal ion homeostasis" were enriched (P¼ 0.0032 and 0.001, respectively). Additional BP such as "iron ion transport" or "cellular response to iron ion starvation" were also enriched in cold-exposed plants. To confirm the biological significance of these enrichments, we used a list of 26 genes with proven relevance for heavy metal tolerance and accumulation (supplementary table S6, Supplementary Material online see also Talke et al. 2006) . These genes were enriched among A. halleri-derived cis-acting changes increasing allelic expression in all three conditions (FDR corrected P value ¼ 0.035, 0.007, and 0.007, for standard, cold-exposure and dehydration respectively, supplementary tables S6 and S7, Supplementary Material online). For example, the gene HMA4, whose duplication and stronger cis-acting region was shown to cause a significant increase in Zn accumulation and tolerance to high levels of Zn and Cd Hanikenne et al. 2008 ) was among A. halleri-derived ASE genes. We should note here again that ASE detection is independent of gene duplication events because RNA allelic ratios are compared with DNA allelic ratios (supplementary fig. S5 , Supplementary Material online). We also observed higher expression of the A. halleri allele for the metal transporters MTP1/ZAT1 (Dr€ ager et al. 2004 ) and ZIP3 (Talke 2006) . The genes IRT3 (Lin et al. 2009 ), NRAMP3 (Oomen et al. 2009 ), and HMA1 (Kim et al. 2009 ), involved in Zn detoxification in A. thaliana, also showed a derived and constitutively higher activation of the A. halleri allele.
Quantitative-trait mapping approaches described nine QTLs for heavy metal tolerance, pointing to its polygenic basis in A. halleri (Willems et al. , 2010 . The QTL HMA4 plays a key role in heavy metal tolerance, but the signature left by positive selection on this individual gene was difficult to investigate due to the complex structure of a triplicated gene subjected to frequent gene conversions (Hanikenne et al. 2008 (Hanikenne et al. , 2013 . By contrasting the relative enrichment in cisacting changes across the two sister lineages, our approach now provides one of the strongest evidence that tolerance to heavy metal did not evolve neutrally, but arose as a response to natural selection in the A. halleri species. Our study shows that an excess of cis-acting changes affecting heavy metal The functional distribution of GO categories showing an enrichment in up-and/or downregulating derived or ancestral cis-acting mutations, as well as in cold-or dehydration-responsive cis-acting changes. The hierarchical clusters are based on measures of semantic similarity among GO terms with at least five expressed genes in our data set. Enriched GO categories are highlighted in orange for in Arabidopsis lyrataderived cis-acting changes, blue for A. halleri-derived cis-acting changes, and in green for ancestral cis-acting changes. Names are given for GO categories that are enriched in both A. thaliana responsive genes (Hannah et al. 2005 , Des Marais et al. 2012 ) and among lineage-specific ASE genes or cold-or dehydration-responsive cis-acting changes. The name of categories related to metal transport and homeostasis are also mentioned on the left. The position of GO categories enriched among stress-specific ASE genes is given in the columns "versus standard," which are subdivided into those enriched among "up" and "down"-regulating stress-responsive ASE changes. A disc and a triangle are used for categories enriched among ASE changes responsive to cold or dehydration, respectively. To avoid confusion, the names of the GO categories enriched among stressresponsive ASE genes are highlighted on the left with an asterisk (*).
Footprint of Polygenic Adaptation . doi:10.1093/molbev/msw096 MBE homeostasis was derived in the A. halleri lineage, and not in the A. lyrata or the ancestral lineages. Lineage-specific acceleration in substitution rates in specific genes or gene sets are indeed the hallmark of natural selection (Nielsen 2005; Daub et al. 2013) . Recent work suggests that herbivores and other biotic challenges may have been the cause of selection pressure for heavy metal accumulation (Kazemi Dinan et al. 2014 , 2015 Plaza et al. 2015) . This may have contributed to the adaptive rewiring of stress reaction networks in A. halleri. In cold-exposed plants, we detected an excess of cis-acting mutations modifying the expression of genes involved in the "response to salt stress" or "response to molecular of bacterial origin" (table 1 and fig. 2 ). The adaptation of stress responses may also have required a modified regulation of photosynthesis. Indeed, genes with A. halleri-derived ASE change between cold-exposed or dehydrating plants and plants growing in standard conditions were enriched in gene functions related to plastid organization (tables 1 and 2, fig. 2 ).
Cis-Regulatory Variation Derived in the A. lyrata Lineage
The signature of polygenic selection on a function of proven ecological relevance in the Arabidopsis halleri lineage provides a proof-of-principle that the distribution of cis-acting mutations can be efficiently used to detect targets of polygenic selection in natural plant systems. We thus further asked whether specific molecular systems might have been the target of polygenic selection in the A. lyrata lineage (tables 1 and 2). Arabidopsis lyrata grows on relatively stressful and unprotected habitats exposed to sharp climatic fluctuations (Clauss and Mitchell-Olds 2006) . In the greenhouse, A. lyrata is strikingly more robust than A. halleri, maintaining growth at high temperatures and low soil moistures. We thus expected that ASE derived in Arabidopsis lyrata would be specifically enriched among drought responsive genes if this function had been targeted by polygenic selection. In addition, in a synthetic allopolyploid containing the A. halleri and the A. lyrata genomes, the cold response was largely due to the specific activation of A. lyrata homeologs, indicating that A. lyrata alleles may have provided the ability of the A. lyrata/A. halleri polyploid A. kamchatica to colonize areas reaching the preArctic region (Akama et al. 2014) . Indeed, A. lyrata was able to colonize regions of high latitude (Hoffmann 2005) . If coldtolerance had evolved under polygenic selection, ASE derived in A. lyrata should also be enriched in genes important for cold tolerance.
Our analysis highlighted 43 GO categories enriched among A. lyrata-derived ASE genes, 20 of which were enriched among ASE genes expressed in cold-exposed plants (tables 1 and 2, supplementary table S5, Supplementary Material online). To refine the interpretation of these functional enrichments, we used two sets of genes whose transcription is modified by coldand drought-stress in A. thaliana (Hannah et al. 2005; Des Marais et al. 2012 , supplementary table S8, Supplementary Material online). These gene sets helped describe the molecular basis of the stress response in the outgroup species A. thaliana so that patterns of ASE could be used to monitor the extent to which this response may have been modified by natural selection in each of the two derived lineages.
We found a marked enrichment of genes responsive to short-, and long-term responses to cold exposure among A. lyrata-derived ASE genes. Genes downregulated in the shortterm cold exposure and upregulated in long-term cold exposure were enriched among upregulating A. lyrata-derived cis-acting changes (P ¼ 0.006 and P ¼ 0.002, respectively). This enrichment was detected only in ASE genes expressed in standard conditions and suggests that some genes important for cold acclimation have evolved to be constitutively activated in A. lyrata, which in turn may have allowed the evolution of a decreased short-term stress response. Interestingly, genes showing an ASE ratio that changed significantly in cold-exposed versus standard growing AthxAly hybrids were 6-fold enriched in genes downregulated after long exposure to cold (P ¼ 0.00036, table 2). There is therefore in A. lyrata a strong excess of cis-acting changes among genes The response to drought, instead, was globally not more rewired in one or the other lineage. Genes downregulated by drought were enriched among A. lyrata-derived ASE decreasing allelic expression (P¼ 0.02), but this enrichment was detected in cold-exposed plants and not in dehydrating plants. In addition, genes upregulated by drought were enriched among A. halleri-derived ASE changes decreasing gene expression in dehydrating plants (P¼ 0.03). The patterns of GO enrichments seemed to be less marked with only ten GO categories enriched in A. lyrata-derived ASE genes expressed in dehydrating plants, and two categories enriched among genes changing allelic ratio in dehydration versus standard conditions in the A. lyrata lineage (tables 1 and 2, supplemen tary table S5, Supplementary Material online). Nevertheless, some GO enrichments suggested that derived ASE may contribute to the optimization of the dehydration response. GO category "response to chitin" is the most strongly enriched category among genes downregulated in response to drought in A. thaliana (Fisher test, P ¼ 6.10e-16, Des Marais et al. 2012 , supplementary table S9, Supplementary Material online). It contains several typical drought stress-responsive genes such as ethylene-response factors. Interestingly, this category and a related one "cellular response to ethylene stimulus" were marginally enriched among A. lyrata ASE downregulating allelic activity in dehydrating plants (P ¼ 0.011, P ¼ 0.034, respectively, supplementary table S5 and S9, Supplementary Material online). On the other hand, the GO category "isopentenyl diphosphate biosynthetic process," which is among the most strongly enriched categories among genes upregulated in response to drought in A. thaliana (Fisher test, p1e-30, Des Marais et al. 2012 , supplementary tables S5 and S9, Supplementary Material online) was clearly enriched among A. halleri-derived ASE genes with lower allelic transcription in dehydrating plants (P ¼ 0.0012, supplementary table S5, Supplementary Material online). Therefore, this data did not bring clear support for the specific evolution of the response to drought in the A. lyrata lineage. Instead, distinct functional categories evolved an excess of cis-acting changes in each lineage. Improved biological annotations, along with better models predicting the collective effects of cis-acting changes, will be needed to improve the interpretation of patterns of enrichment among GO categories that in A. thaliana are activated in response to drought stress.
Cis-Regulatory Change Accumulate in Evolutionary Constrained Functions
Numerous studies have documented the important contribution of cis-regulation to regulatory and phenotypic change (King and Wilson 1975; Prud'homme et al. 2007; Wray 2007; Stern and Orgogozo 2008; Wittkopp et al. 2008; McManus et al. 2010; Coolon et al. 2014) . Contrasting patterns of regulatory divergence to other sources of molecular or phenotypic information thought to reflect fitness has further contributed to document the adaptive relevance of this source of variation. For example, in maize, the 4% of genes showing fixed cis-acting differences between teosinte and maize were enriched in genome regions carrying the signature of recent selection, suggesting that they played a predominant role in the adaptation of gene regulation during domestication (Lemmon et al. 2014 ). In the Capsella genus, cis-acting changes between the outcrossing species Capsella grandiflora and its inbred relative C. rubella were enriched in regions underlying QTLs involved in flower morphology, a trait that was selectively remodeled after C. rubella evolved selfing (Steige et al. 2015) . In yeast, the analysis of cis-acting differences between a pathogenic strain and the wild type uncovered a marked excess of cis-acting changes in genes coding for interacting proteins involved in endocytosis. The functional importance of the regulation of these proteins in pathogenicity was clearly validated experimentally (Fraser et al. 2012) .
In this study, we directly contrasted the number and effect of cis-acting mutations accumulating on separate lineages within each polygenic functional module, thereby controlling for differences in evolutionary constraints during divergence. This approach was thus akin to the relative-rate tests commonly used in molecular evolution to describe the molecular basis of adaptation (see Nielsen 2005 for a review). We detect a signature of polygenic selection on several functions of known relevance in the A. halleri lineage and possible indication that the cold response was adaptively rewired in A. lyrata. Interestingly, the functional molecular systems highlighted here do not stand out as fast evolving at the amino acid level. Contrary to other reports of ASE between A. lyrata and A. thaliana or C. grandiflora and C. rubella , Steige et al. 2015 , the rate of nonsynonymous to synonymous mutations among derived ASE genes does not differ significantly from the rest of the genome (supplementary fig.  S9 , Supplementary Material online). Instead, we observe that GO categories enriched in derived cis-acting changes tend to be more constrained at the amino acid level (maximum P ¼ 0.0027 for enriched GO categories in cold-exposed, dehydration and standard plants, in A. halleri and A. lyrata). This is particularly strong in enriched GO categories in coldexposed and standard conditions in A. halleri (P ¼ 2.2e-16, P ¼ 2e-16 in cold-exposed and standard plants, respectively). This effect is not due to the amino acid divergence of ASE genes themselves within each category (KolmogorovSmirnov test, P >0.1, not shown). With the exception of GO categories enriched in A. halleri-derived ASE in dry conditions, this effect remains when gene expression level is included as a covariate (expression level measured as mean FPKM, P ¼ 0.49, P ¼ 2.53e-5, P ¼ 2.19e-5 in dehydrating, cold-exposed and standard plants, respectively). The patterns of cis-regulatory divergence described here provide an example of how polygenic selection targets functions that tend to be more constrained at the amino acid level. It shows that Footprint of Polygenic Adaptation . doi:10.1093/molbev/msw096 MBE adaptive changes revealed by lineage-specific cis-regulatory divergence cannot be predicted by classical signatures of diversifying selection on coding sequence (Nielsen 2005; Storz 2005; Fournier-Level et al. 2011) . We conclude that the analysis of cis-acting changes delivers insights into the wealth of molecular changes that accumulate as lineages adapt to novel niches and promises to find applications in a broader range of natural systems.
Materials and Methods
Plant Materials, Stress Treatments and RNA Isolation
Arabidopsis thaliana accession Col-0 was obtained from the Arabidopsis Biological Resource Center (ABRC, USA). Arabidopsis lyrata ssp. lyrata genotype MN47 and A. halleri h2-2 (Gorno, Italy) were obtained from Pierre SaumitouLaprade (University of Lille, France). The MN47 line is a selfing A. lyrata line, h2-2, instead, is strictly outcrossing. Parental lines were crossed by rubbing A. lyrata or A. halleri pollen on the pistils of emasculated A. thaliana flowers, as described in de Meaux et al. (2006), and interspecific F1 progenies were generated, named AthxAly and AthxAha hybrids, respectively. Reciprocal crosses using A. thaliana as a father were tried with many parental genotypes but were not successful. Note that analyses of reciprocal crosses within A. thaliana and A. lyrata showed that imprinting is not affecting allele-specific expression in these species (Cubillos et al. 2014; Videvall et al. 2016) .
For each treatment, samples were collected for three independent individuals, grown each in 1-week intervals in the same growth chamber. AthxAly and AthxAha F1 hybrid seeds were germinated and grown on germination medium containing Murashige and Skoog salts, 1% sucrose, and 0.8% agar. The plants were stratified for 5 days at 4 C, and then grown for 4 weeks in a growth chamber at 22 C/16 C under 16 h light/8 h dark. Dehydration and cold exposure were applied following a published protocol (Seki et al. 2002) . For dehydration, plants were removed from the agar and dehydrated in plastic dishes for 1 h at 22 C under dim light (0.7 6 0.8 mmol
). For cold exposure, plants were grown under dim light (0.7 6 0.8 mmol s
) at 4 C for 1 h. Leaf samples of plants growing in nonstressful conditions (standard treatment) were collected on 4 week-old plants grown at 22 C. To control for circadian changes in gene expression, all samples were collected at 12:00 pm. The samples collected in "standard" conditions did not form a proper "control" for the stress reactions because, for technical reasons, they were not collected in the same trial as the samples collected in stressful conditions. Preparation of cDNA and DNA Libraries Total RNA was extracted from whole aerial part of one hybrid individual in 1 ml of TRIZOL Reagent (Thermo Fisher Scientific). DNA was cleaned up using the DNA-free kit (Thermo Fisher Scientific). RNA quality and quantity was examined with the Bioanalyzer 2100 (Agilent) and QubitV R 2.0 Fluorometer (Thermo Fisher Scientific). Two micrograms of total RNA were used for library preparation. The library preparation followed the TruSeqV R RNA Sample Preparation v2 Guide (Illumina). DNA was extracted from two individuals of each interspecific hybrid type. DNA library preparation followed the Illumina Paired-End Sample Preparation Guide. Sequencing was performed on Illumina HiSeq2000 following the manufacturer's protocols. Paired-end 100 bp long reads were obtained. Raw reads and allele-specific coverage data can be accessed on the Gene Expression Omnibus (ref:
Data Analysis
After FastQC quality check (www.bioinformatics.babraham. ac.uk/projects/fastqc/, last accessed May 18, 2016), the FastXtoolkit was used for sequence trimming and filtering. Low quality nucleotides were removed from the 3 0 -ends of the sequences (quality threshold of phred score (t): 20, minimum length (l): 50). Sequences were reverse complemented by fastx_reverse_complement, and the other end was cut following the parameter described above before being reversely complemented to the original direction of reads. Reads with less than 90% bases above quality threshold and paired-end reads with a single valid end were removed. Trimmed and filtered reads were mapped to the hybrid genome, that is, the concatenation of the A. thaliana Col-0 reference genome (TAIR10, www.arabidopsis.org, last accessed May 18, 2016) and the A. lyrata MN47 reference genome (Araly1, [Nordberg et al. 2014] , using tophat2 with the built-in Bowtie2 mapping program [Trapnell et al. 2010]) as the following parameter: -p 5 (number of threads), -N 5 (read mismatches), -read-edit-dist 5 (Final read alignments having more than 5 edit distance were discarded), -read-gaplength 5 (Final read alignments having more than 5 total length of gaps were discarded). Uniquely and high-quality mapping reads were selected by "samtools view -q 10" (-q 10, selecting genome fractions were 90% possibility of the mapping is correct). We focused our analysis on orthologues present in each of the three species, A. thaliana, A. lyrata, and A. halleri. The Araly1 genome annotation detects 17,846 genes orthologous between A. thaliana and A. lyrata. The sequences of these orthologues were blasted against the A. halleri draft genome sequences of Aha1.1 (Phytozome 10.1, Arabidopsis halleri v1.1). Criteria for orthologous genes were set as 1) hit E-value < 1 e -20 and 2) pairs of genes with reciprocal best BLAST hits were defined to be orthologues. A total of 528 genes had no detectable orthologue in the A. halleri draft genome, resulting in an initial set of 17,318 orthologous genes in the three species. After initial mapping, we observed that many A. halleri DNA reads did not map to the A. lyrata reference genome causing a distortion of A. halleri to A. thaliana allelic ratios (supplementary fig. S3 , Supplementary Material online).
We therefore used DNA of hybrid individuals to optimize our mapping pipeline. In DNA of hybrids, biases in allelic amounts can only result from read mapping biases. First, unmapped A. halleri reads were trimmed down to 30 bp single reads and remapped to the reference of A. lyrata. The orthologous cDNA sequences of A. thaliana and A. lyrata were aligned using MAFFT (Katoh He et al. . doi:10.1093/molbev/msw096 MBE and Standley 2013) and 1.34 million divergent sites (hereafter single nucleotide polymorphisms [SNPs]) were located. The parental origin of each read had to be reassigned, based on Samtools SNP callings, because the bowtie2 algorithm sometimes maps reads on the wrong parental allele. To avoid the misassignment of an A. halleri allele due to mismatches with the A. lyrata reference genotype, we decided to rely only on SNPs fixed in the common ancestor of A. lyrata and A. halleri for calling the parental origin of each read in both hybrids. For this, we used data collected by whole-genome sequencing of 22 and 72 representative genotypes of A. halleri and A. lyrata, respectively (Novikova, Nordborg, GMI, Vienna, unpublished) . The reads of these 92 genomes were mapped on the A. lyrata reference genome (Hu et al. 2011 ) using the BWA-MEM algorithm from BWA (version 0.7.4) with an increased penalty for unpaired read pairs of 15. Duplicated reads were removed with Samtools (version 0.1.18) rmdup function. Local realignment were performed with Genome Analysis ToolKit (GATK, version 2.5.2), IndelRealigner (McKenna et al. 2010; De Pristo et al. 2011) , and filtered for primary alignment of the reads. To reduce erroneous variant callings caused by undetected gene duplications, we calculated coverage distribution using GATK Pileup and genomic regions with coverage lower or higher than the 3rd and 97th percentiles were removed. SNPs and short indels were called with GATK UnifiedGenotyper with default quality thresholds at chosen intervals. From all detected SNPs, we used the 1.02 M SNPs that were fixed in the common ancestor of A. lyrata and A. halleri and called the parental origin of each mapped read in both hybrids.
We also observed that regions close to intron and/or highly divergent segments often failed to map properly. Our estimation of allelic abundance thus excluded gene regions that were less than 50 bp away from introns, or within regions with more than 10 fixed SNPs in 200 bp (greater than the mapping parameter of mismatch number 5 in 100 bp). This minimized the impact of possible allelic mapping biases caused by high divergence (and/or misannotated gene regions). We further excluded any SNP position with a coverage of less than 5 reads in the DNA samples from estimation of parental allelic ratios. Thus, 252,454 SNPs distributed in 16,419 orthologues remained for the estimation of allelic ratios in each of the two hybrid types (15.4 SNPs per orthologue). Final parental read counts at each SNP included both mapped full and remapped 30 bp reads and the allele ratio for each gene was determined as the median of the SNP ratio computed for all the SNPs of the respective gene. Finally, each parental read count was divided by a size factor (total read count for each orthologue/median total read counts for all orthologues following [Dillies et al. 2013] ). supplementary fig. S3 , Supplementary Material online shows that our algorithm effectively corrects for mapping biases: log allelic ratios in hybrid DNA samples show a distribution centered very close to 0, and the distinct hybrid types show similar variance (supple mentary fig. S3, Supplementary Material online) . This distribution fits well with a model of gene expression evolution based on infrequent mutations of moderate effect subjected to moderate selective constraints as described in Hodgins-Davis et al. (2015) .
Nevertheless, due to segregating heterozygosity among AthxAha individuals, the number of genes showing ASE is smaller as there was probably lower power to detect ASE in these hybrids (supplementary fig. S5 , Supplementary Material online).
We identified genes showing ASE with a GLM model including a quasi-binomial distribution of error. Under this model, the null hypothesis H 0 assumes no difference between RNA and DNA samples (Allele ratio of m RNA ¼ m DNA ), the alternative hypothesis H 1 assumes ASE at the gene considered (ASE, Allele ratio of m RNA 6 ¼ m DNA ). Significant ASE was determined in a single GLM model nesting treatments within hybrid type. Loci with a mean final read count less than 10 were discarded from the analysis to exclude low-expressed genes. Significant ASE genes were defined by contrasting treatmentspecific allelic ratios to DNA allelic ratios. An FDR threshold of 5% was fixed to call significant ASE genes.
To validate the accuracy of our RNAseq estimation of ASE, we used the pyrosequencing technology to measure allelespecific expression on the same RNA samples, at loci AT2G17260, AT3G28340, and AT1G65960, following the protocol described in de Meaux et al. (2005) .
To quantify expression levels, reads were mapped on the A. thaliana genome only using the pipeline and parameters described above. This yielded an accurate mapping position for 90% of reads. Read counts were computed as number of FPKM. Genes were ranked by relative read count and a Spearman correlation coefficient was computed for each gene, to quantify the among-sample correlation in expression level. Genes displaying a significant change in expression level between treatments or hybrids were identified with the package DESeq2 (Love et al. 2014) , testing for a treatment effect nested within hybrid type. P values were adjusted for controlling the FDR correction (Benjamini and Hochberg 1995) .
Functional Enrichments among Derived and Ancestral ASE Mutations
Genes were first filtered for being expressed in both hybrids (scaled coverage >10) and then ranked according to ad hoc sorting values (SVs) designed to reflect the phylogenetic origins of the cis-acting mutations causing ASE. Genes with ASE derived in A. lyrata should show an allelic ratio in the AthxAly hybrid that differs significantly from the allelic ratio observed in the AthxAha hybrid. Using SV¼jlog2 AthxAly ratioj-jlog2 AthxAha ratioj, A. lyrata-derived ASE genes ranked first. In contrast, using SV¼jlog2 AthxAha ratioj-jlog2 AthxAly ratioj, ranked first the A. halleri-derived ASE genes. To rank genes that were most likely to have evolved before the split between the two species (or along the branch leading to A. thaliana), which we called ancestral here, we reasoned that ancestral ASE changes should show allelic ratios that are similar and Footprint of Polygenic Adaptation . doi:10.1093/molbev/msw096 MBE both differ from 1. The SV for ancestral cis-acting changes was designed using the following formula: In these rankings, all genes expressed in both hybrids formed the universe in which enrichment could be computed. A filter was further applied to each ranking to test functional enrichment against the alternative universe formed by all genes displaying ASE in at least one hybrid. For this, we removed all genes that did not display ASE in at least one hybrid (FDR adjusted P value < 5%). This analysis removed potential functional enrichment that might be driven by the presence of genes subjected to strong constraints at the transcription level. Finally, we reasoned that polygenic evolution may require coordinated evolution of cisacting changes increasing (or decreasing) the activity of genes involved in a common function. For this, we removed ASE genes with derived ASE change downregulating allelic expression in the A. lyrata lineage (i.e., genes with a significantly negative log2 AthxAly ratio, FDR adjusted P value < 5%), to focus on derived A. lyrata ASE changes "upregulating" gene activity. Similarly, we removed ASE genes with derived ASE change upregulating allelic expression in the A. lyrata lineage (i.e., genes with a significantly positive log2 AthxAly ratio, FDR adjusted P value < 5%), to focus on derived A. lyrata ASE changes "downregulating" gene activity. The same filters were also applied to detect enrichment among A. halleriderived and ancestral ASE changes (supplementary table S5, Supplementary Material online).
Finally, we also analyzed functional enrichment among genes that showed a significant change in allelic ratio between treatments. In this case, ranking was not possible, so we analyzed enrichment within genes showing 1) changing allelic ratio between stress and standard in the AthxAly hybrid only-A. lyrata derived, 2) changing allelic ratio between stress and standard in the AthxAha hybrid only-A. halleriderived, and 3) changing allelic ratio between stress and standard in both hybrid-ancestral change.
The GO enrichment analysis was performed with the GSEA test akin to nonparametric Kolmogorov-Smirnov tests, first described by Subramanian et al. 2005 , and implemented in the "topGO" R package (Alexa and Rahnenfuhrer, 2010) . We further applied the "elim" procedure, available in this package, which calculates enrichment significance of parent nodes after eliminating genes of significant children nodes. This controls for the dependency among nested parent-child GO categories so that the significance of each enrichment can be interpreted without overconservative P value corrections for multiple-testing ( Alexa et al. 2006) . We generated 100 permuted gene ranks to set a P value cutoff for calling significantly enriched GO categories. The P value distribution of significantly enriched GO categories was similar for all rankings and a P value cutoff was set at 0.009 to limit the FDR to 10%.
The GO annotations were obtained from the "org.At.tair.db" R package (version 3.1.2, http://bioconduc tor.org/). We excluded electronically inferred annotations, which are less reliable, by removing all annotations with the IEA evidence code. Enrichment was evaluated only for categories with five or more annotated genes in the universe. For heavy metal homeostasis, we used the list of experimentally supported genes described in supplementary table S6, Supplementary Material online proposed by Talke et al. 2006 . For A. thaliana drought-responsive genes, we used the list of genes showing a significant change in expression in at least five A. thaliana ecotypes acclimated to low water availability (Des Marais et al. 2012) . Finally, for cold-responsive genes, we used genes that were detected to change their expression in at least three independent studies classified as plant responses to short-, medium-, and long-term exposure to cold (Hannah et al. 2005) . The list of genes are given in supplementary table S8, Supplementary Material online, along with a list of GO categories enriched among these stress response genes obtained by running fisher tests using the topGO package (Alexa and Rahnenfuhrer, 2010) and the elim method (Alexa et al. 2006 ) with the same filtered annotation package used on ASE rankings (supplementary table S9, Supplementary Material online). The GSEA test of heavy metal and stress-responsive genes on derived and ancestral gene ranks was performed using the clusterProfiler R package (Yu et al. 2012 ) and 1,000 random permutations. For stressresponsive genes, we analyzed enrichments separately for three subclasses: 1) all responsive genes, 2) downregulated genes, and 3) upregulated genes. We report in the text the subclass that is most significantly enriched.
Similarity Analysis of Enriched Functional Categories
The similarity between GO terms was calculated with the R package GOSemSim (Yu 2010) ; using the Wang method of graph-based semantic similarity (Wang et al. 2007 ). We calculated pairwise similarities between all GO terms harboring at least five genes expressed in both hybrids in at least one treatment (i.e., all GO terms that could have displayed an excess of differential ASE in our data). These similarity measures were converted into distances by subtracting them from one. Distances were used to perform a hierarchical clustering with average linkage as agglomerative method. The dendrogram of clustered GO categories was plotted using the R package ggplot2 (Wickham 2009 ). The significantly enriched GO categories that were present among the GO categories with a P value below 0.01 in any of the two stressrelated gene sets analyzed (Hannah et al. 2005; Des Marais et al. 2012) were highlighted in this dendrogram.
Computation of Amino Acid Divergence (dN/dS)
The A. halleri genome sequence was obtained by correction of A. lyrata genome (Hu et al 2011) with the fixed 1.02 M SNPs described previously. The coding sequences (CDS) of 16,419 orthologues among three parents were selected according to genome annotation (TAIR10, Araly1). The He et al. . doi:10.1093/molbev/msw096 MBE
